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ABSTRACT 

Preliminary mission requirements for first generation vehicles pro- 
posed for entry into the atmosphere of Mars indicate the use of a high- 
drag body of revolution with length about equal to the maximum 
diameter. Even for the case of initial rearward entry, it is desirable 
that forward orientation with low amplitudes of oscillation of such 
vehicles during the heating period (and beyond) be attained passively; 
that is, without the need of any active control devices. Six-degree-of- 
freedom atmosphere-entry studies indicate the significant effects of 
both vehicle shape and pitch damping upon the envelope of the angle- 
of-attack oscillation at the time of practical parachute deployment. 
One purpose of this Report is to demonstrate the importance of the 
vehicle shape upon the requirements ( accuracy and angle-of-attack 
amplitude) for measuring pitch damping; the other purpose is to dis- 
cuss the two wind tunnel methods being developed to measure small 
amounts of pitch damping accurately at high amplitudes of oscillation. 

1. INTRODUCTION 

oscillate during penetration into the planetary atmos- 
phere. 

A. Mission Requirements 

Certain tentative mission, aerodynamic, weight, reli- 
ability, and packaging requirements for vehicles pro- 
posed for entry into the atmosphere of Mars suggest the 
use of a high-drag body of revolution with length approx- 
imately equal to the maximum diameter. Since such 
capsules may be passive in their method of stabilization, 
they must be unstable in a rearward direction and will 

For the purposes of mission planning, the vehicle's 
least desirable initial entry attitudes (vehicle's angle of 
attack at some reference altitude, and the spin and pitch 
rates) must be determined, for they become a basis for 
the design criteria. Six-degree-of-freedom atmosphere- 

1 
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entry motion studies (Ref. 1 )  indicate that an initial 
rearward orientation (with no spin or initial pitch rate) 
of the A-2 vehicle shown in Fig. 1 gives the largest 
oscillation-amplitude envelope during the entire entry. 

A- I A-2 A- 5 

8 - 2  0 P 

DIRECTION OF AIR FLOW 
RELATIVE TO VEHICLES 
ATa.0-  

v-5 

Fig. 1. Sketch of model shapes 

Because the vehicle is likely to be initially misaligned 
relative to its flight path, it will oscillate in angle of 
attack along its entry trajectory. This angular motion, 
which is superimposed upon the mean flight path, is of 
concern for the following reasons: it affects the loads and 
load distribution on the vehicle; it determines the por- 
tions of the vehicle surface which will be exposed to the 
most severe heating conditions; it determines the ability 
of the vehicle to perform in-flight operations, such as 
data transmission, atmosphere sensing, aimed observa- 
tions, and, if used, parachute deployment. 

6. Maior Influences on Entry Dynamics 

Reference 2, although based upon simplified lineariza- 
tions of the actual complex equations of motion, ade- 
quately illustrates the relative importance of the various 
factors which affect the oscillatory motion of a vehicle 
during atmosphere entry. The linearization does not mask 
the relative importance of the various items, and, if a 
proper weighting factor is used (Ref. 3 ) ,  a fairly reliable 
magnitude of the oscillatory motion during the terminal 
phase of the entry trajectory can be calculated. 

For the purposes of this Report, only two of the many 
items affecting entry dynamics were investigated, namely, 
vehicle shape and pitch damping. The effects of variation 
of the following were not investigated: planetary atmos- 
phere and gravity; initial velocity or flight-path-angle 
relative to the planet; magnitude of initial misalignment 
between vehicle and flight path; vehicle size, weight, 
center of gravity, and moment of inertia. In fact, the 
vehicle shapes were limited to a few specific nonlifting 
bodies of revolution with no regard for obtaining an 
orderly, mathematical variation in the vehicle’s static 
aerodynamic characteristics. 

The static aerodynamic characteristics, which are de- 
termined by a vehicle’s shape, are generally quite easy 
to obtain; except for the V-5 shape discussed later in this 
Report, they were measured experimentally. As these 
experimental measurements compared very favorably with 
modified Newtonian calculations, the Newtonian ap- 
proach was used for the V-5 shape. However, dynamic 
aerodynamic characteristics are not usually a simple mat- 
ter to obtain, and precise experimental means are re- 
quired to determine dynamic data such as pitch damping. 

In order to have a guide in planning experimental 
measurements of pitch damping, several types of infor- 
mation are required: the approximate magnitude of the 
pitch damping [this can be estimated from Newtonian 
flow calculations in conjunction with previous experi- 
mental results; anomalies in both magnitude and sign 
are prevalent (See Ref. 4)] ; the amplitude of oscillation 
during which pitch damping can affect the oscillatory 
motion; and the sensitivity of the oscillatory motion to 
pitch damping. Except for one specific shape, this Report 
does not go into the expected pitch damping of a shape, 
but does consider the latter of two types of information 
required. 

Differences in the oscillatory behavior during entry 
into one specific assumed atmosphere of Mars and for a 
number of entry-vehicle shapes will be investigated by 
means of machine-calculated motion histories, and dis- 
cussions of the findings will be made. 

C. Methods Used to Obtain Pitch Damping 

In the past, the primary methods for obtaining pitch 
damping utilized the sting-flexure mounted, wind-tunnel 
models and the ballistic range models. Although the 
data repeatability is good for the forced-oscillation (sting- 
flexure) models, the angles of attack are generally limited 

2 
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to below 20 deg.' Not only are the range data usually 
limited to small angles of attack, but the data repeatability 
is considerably poorer than for sting-flexure mounted 
models. However, range data do not have any support 
interference effects, which can be a very important con- 
sideration. Many experiments have shown that the model 
base shape can have an effect upon the pitch damping 
(Ref. 5, 6). This would indicate that the presence of a 
sting may also have an effect. Perhaps the base and sting 
effects upon the pitch darnping are important only at the 
lower Mach numbers ( M  < 3), but this must be demon- 
strated for each model shape investigated. 

Ball bearings have been used for both cross-supported 
and sting-supported models (Ref. 7, 8), but unfortunately 
they have damping friction comparable to the expected 
aerodynamic pitch damping for short, blunt vehicle 
shapes. Preliminary experimental work at the Jet Pro- 
pulsion Laboratory indicated that ball bearings were 
adequate for M = 2 with amax > 30 deg, marginally 
satisfactory for M = :3 with amax > 60 deg, and totally 
inadequate for M > 4. Even though the ball-bearing fric- 
tion is small enough to make it possible to obtain some 

'The use of an off-set center of gravity or a trim surface makes it 
practical to obtain data at higher angles of attack, but the effects 
of such approaches upon the desired data must be determined. 

meaningful aerodynamic pitch-damping data at the 
lower Mach numbers ( M  < 2), the effects of support 
interference upon the data are probably appreciable. 

In order to fulfill the high angle of oscillation and 
anticipated small pitch-damping measurement require- 
ments, it was decided to use two different approaches: 
(1) To mount the models on a gas bearing which was 
supported by a cross-support, permitting angles of oscil- 
lation from 0 to 180 deg, and on a sting mount which 
restricted the maximum angle of attack to about +45 deg 
for the blunter shapes shown in Fig. 1; and (2) To free- 
flight models in a wind tunnel. The damping friction 
of the gas bearing was expected to be within the toler- 
ance to which the aerodynamic pitch damping of the 
models should be determined. The free-flight method 
would yield typical single-plane motion data which could 
be reduced to give sufficiently accurate pitch damping, 
but the observed motion would be the true motion; that 
is, there would be no support interference. The free-flight 
technique requires laborious data reduction which prob- 
ably would not have the repeatability and convenience 
of the captive gas-bearing data, but which would serve 
as a basis for determining the degree of support inter- 
ference for the gas-bearing configurations. Also, the 
free-flight techniques could give visual indication of the 
vehicle motion to be expected during the final phases 
of atmospheric entry. 

3 
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II. MACHINE-CALCULATED ENTRY-OSCILLATORY-MOTION STUDIES 

A. Assumptions 

Static aerodynamic coefficients invariant with actual 
Mach number are used throughout the trajectory. Com- 
parisons between calculated trajectories using both fixed 
and Mach-variant static coefficients for the A-2 shape 
showed differences in envelope amplitude of less than 
5 deg down to M = 2. This point in the trajectory is 
well past maximum heating and loads and is in the region 
where retardation-system deployment is practical. 

In order to show the effects of stabilizing or destabiliz- 
ing amounts of pitch damping, (Cmq + Cmi) is held con- 
stant throughout each trajectory.2 This procedure is 
repeated for several arbitrary values of (Cmq + G;). Thus 
the degree of importance of pitch damping on resultant 
motion may be assessed without needing actual 
(Cm, + Cm;) values as functions of a, M ,  and Ro, which 
are presently unknown for most of these shapes and 
whose values might vary by small but critical amounts 
in an actual flight because of conditions not specified in 
the machine calculation. 

The equations of motion are the six-degree-of-freedom 
equations assuming a rigid body and an atmosphere fixed 
to the planet. They are written in detail in Ref. 1. The 
assumed Mars atmosphere is 

P = P O  exp ( - P d  
where 

= 0.409 x 10-3 siug/ft3 

p = 2.42 X W5/ft 

The vehicle initial entry conditions are taken to be 

V E  = entry velocity = 25,OOO ft sec-' 

eE = entry angle = 90 deg. (i.e., vertical to planet 
surf ace) 
pitch, yaw, and roll rates = 0 

aE = Angle of attack = 179 deg 

This near-maximum condition is expected to 
produce maximum amplitude sensitivity to differ- 
ences in shape characteristics. The aerodynamic 
stability coefficients determined in air are assumed 
to be applicable for the atmosphere of Mars. 

6. Vehicle Parametric Constraints 

The choice of the five vehicle shapes was quite arbi- 
trary. The A-5, B-2, and 0 shapes are being considered 
because of the compactness of shape and the high drag 
coefficient-both highly desirable properties. The A-5 
forebody is a short, blunted cone. The B-2 shape is 
somewhat blunter in order to obtain a higher drag co- 
efficient for a possible Mars atmosphere entry mission. 
The 0 shape is simply a sphere with a center of gravity 
off-set from the center. This zero-lift slope shape would 
follow a straight trajectory and would possibly make 
the interpretation of data from internal accelerometers 
less formidable than for other vehicle shapes. The P 
shape, similar to several proposed Earth re-entry vehicles, 
was picked in order to have a lower limit on the lift- 
curve slope. Likewise, the V-5 shape was investigated 
in order to have an upper limit on the lift-curve slope. 

In order to isolate the effects of shape on the oscilla- 
tory motion, some method of holding static-stability 
shape effects to a minimum appeared desirable. Refer- 
ence 2 derives a closed-form approximate solution for 
small angle-of-attack oscillations of an entry vehicle. 
Now, in all the cases investigated herein, an initial a E  

of 179 deg is chosen to afford the largest sensitivity to 
envelope changes between shapes. Convergence in an 
aenv from the maximum aE implies convergence to a 
lower aenv for any lesser aE. This is shown theoretically 
in Ref. 2 and verified by the machine calculations of 
Ref. 1. Although aenv is initially high in this study, it 
rapidly decreases to much lower values, especially in 
the high deceleration region where the effect of pitch 
damping begins to change the oscillatory envelope. Thus 
the theory of Ref. 2 is used as a guide in determining 
the vehicle parameter constraints necessary to hold 
static-stability parameters nearly the same for all of the 
shapes while allowing dynamic stability to change 
with shape. 

Reference 2 gives simple expressions for the envelope 
amplitude, (ae,,/aE), and oscillation frequency f ,  wherein 
the only aerodynamic shape-governed factors are K ,  and 
K ,  in ae,,/aE and KO and K ,  in f .  

'( C,, + Cmi)  is treated as equivaIent to C,, in the equations of 
motion. 

4 
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Common to all 

Moment of inertia about pitch axis = 5.6 slug ft’ 

Mass, 
slugs 

6.68 
8.59 
8.88 

14.33 
3.15 

Shape 

v-5 

cg location, CLa 

d from nose a = O  

0.42 +0.29 
0.37 -0.10 
0.39 0 
0.20 - 1.3 
0.67 +1.2 

0.72 
0.90 
0.93 
1.45 
0.34 

4- 0.4 1 
-0.1 1 

0 
-0..89 
+3.44 

1 

f =  PVE(K,)T 2rr sin OE - exp (- 2 e-+#) exp (- q) 
where 

(3) 

From these formulae it may be seen that K ,  controls 
the envelope convergence with altitude, and may accord- 
ingly be called a dynamic stability factor. On the other 
hand, K ,  may be called a static stability factor. 

In order to isolate dynamic damping effects on each 
trajectory, variations in static stability are minimized by 
choosing vehicle parameters such that KO and K ,  do not 
vary from shape to shape. 

For all shapes, I and d, respectively, are identical. By 
manipulation of the center of gravity, C,, is the same 
for all shapes. Thus, static stability is invariant with shape 
for small a. Approximate entry translation theory (Ref. 9) 

indicates that velocity vs altitude history is a function 
only of m/C,A for aenv = 0. In this study, m/CDA and, 
consequently, KO is held identical for all shapes by vary- 
ing the mass from shape to shape. Thus, the dynamic 
pressure history (main source of oscillatory energy) will 
remain about the same for all shapes examined, except 
for projected area differences due to angle of attack. 
Accordingly, differences in oscillation history between 
shapes will emphasize effects due to differences in K , .  
Looking within K , ,  the effect of the term CL,/Co will be 
isolated for those cases where (Cmq + Cm;) is set equal 
to zero. The vehicle parameter constraints are listed in 
Table 1 along with values of the static aerodynamic 
coefficients at a = 0. 

C. Results of Trajectory Dynamic Studies 

A complete description of the results of this study, 
such as heating, acceleration, dynamic pressure, etc., 
would be beyond the purpose of this Report. Accord- 
ingly, results are restricted to presentation of the body- 
orientation aspects of the trajectories, as influenced by 
the various shapes. 

Figures 2 through 6 show, for each of the shapes, the 
effect of arbitrary amounts of constant (Cmq + Cmi) 
upon the angle-of-attack oscillation envelope. Each curve 
corresponds to a complete trajectory, starting with near- 
backward entry at an altitude of 800,000 ft in the Mars 
atmosphere, and continuing down to around 40,000 ft. 
No envelope is plotted below a Mach number of 3. In 

5 
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40 

20 

80 - \ 

(Cmq + Cmi)=0.05 W 

I I  
\ / 

- 0  -- 
- 0.05 

0 8 0 0 "  300 200 I O 0  0 

A L T I T U D E , ~ ~ X I O ~ ~  M=;5 20 /5 Ib !!I; 

Fig. 2. Effect of pitch damping on oscillation 
envelope (A-5 shape) 

120 
rn 
v 
i 100 

U 

80 

60 

40 

20 

W (Cmqt C,,,,)=0.05 8-2 I 

0 ' A, 
I I I 

I loo I 
800 300 0 

ALTITUDE,fIx10-3 M.25 20 1'5 IO 4 i 
Fig. 3. Effect of pitch damping on oscillation 

envelope (8-2 shape) 

some of the cases using destabilizing (Cmq + Cmh) in 
the equations of motion, tumbling (a,,, > 180 deg) oc- 
curred before M = 3, and the curve was terminated at 
that point. The corresponding oscillation frequency is 

'0 g 

4 Y  
2 8  

160 o L L  

8 0  

65  z 

E 

140 

I20 
rn 
0 

; 100 
0- 

80 

60 

40 

20 

0 
8 

ALTITUDE ,ftX10-3 

Fig. 4. Effect of pitch damping on oscillation 
envelope (0 shape) 

140 I I I I ,  

Fig. 5. Effect of pitch damping on oscillation 
envelope (P shape) 

also shown in these figures for the case of zero pitch 
damping. The frequency was not appreciably different 
for the other cases. 

6 



~~ ~~~~~~ 

JPL TECHNICAL REPORT NO. 32-380 

140 

120 

100 

z 
; 80 

60 

0 

U 

40 

20 

0 

I I I I I I  
ALTl TUDE. f t  X Y.25 20 I5 IO 5 3  

Fig. 6. Effect of pitch damping on oscillation envelope 

(V-5 shape) 

The effect of pitch damping on the oscillatory envelope 
at an altitude of 50,000 ft for each of the shapes investi- 
gated is shown in Fig. 7. Of major importance in con- 
nection with the pitch damping measurement techniques 
described in Sections I11 and V is the indication in this 
Figure of the amplitude and accuracy required in the 
experimental measurements of (Cmq + Cm;) for each 

A 
I .o 

0.8 

0.6 
14 5 
e 
D 

44 

0.2 

n - 
0.20 0 4 2 0  

(Cm, -t Cmi) 

Fig. 7. Effect of pitch damping on the envelope of 
oscillation at altitude 50,000 ft for various 

entry vehicle shapes 

shape. The sensitivity of a change in the oscillatory en- 
velope of the various shapes at an altitude of 50,000 fft 
for a 0.01 change in (Cmp + Cm;) is shown in Fig. 8 in 
the case of (CmP + Cm;) = 0. It is evident that some 
shapes are more sensitive to a given change in pitch 
damping than are others. As can be seen from Fig. 2 to 6, 
some shapes require more pitch damping in order to 
avoid angle-of-attack divergence after maximum decel- 
eration than do others. 

50 

20 

10 

- 5  3 
+b 

G 
4 2  

Y 

C .- 

5 
U 
4 1  

0.5 

0.2 

0. I 

ZERO PITCH DAMPING CASE 

P ALTITUDE = 50,000 f t  

(Eq. 1-5) 

MACHINE CALCULATED NON-LINEAR 
EPUATIONS -OF- MOTION 
(Figs. 2-61 

Fig. 8. Sensitivity of oscillatory envelope variation 
caused by pitch damping of the various shapes 

The machine-calculated nonlinear equations-of-motion 
data in Fig. 8 are compared with similar data obtained 
from the linearized three-degree-of-freedom equations-of- 
motion (Eqs. 15). The linearized solution uses the a = 0 
deg dimensionless coefficients of Table 1, and the result- 
ing amplitudes at 50,OOO ft altitude are multiplied by the 
factor of two suggested in Reference 3. As can b e  seen, 
the simple linearized equations-of-motion give a reason- 
able result for determining the accuracy required for 
experimental measurements of pitch damping. 

I 

I 
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0.1 
* ._ 
L " = 

2 0  

t c, - 
-0. I 

-I 0 I 2 3 4 5 

(cLQ/cD)r2 2 0 

Fig. 9. Estimated critical pitch damping a s  a function 

of the ratio (I 
(c;,>,=o. 

Figure 9 shows the critical damping ( C,, + C,;) cr i  

requirements of each shape versus the ratio CL,/CD. 
Critical damping is arbitrarily defined as the amount of 
pitch damping (positive or negative) which would have to 
exist in order to yield zero slope of aenv at an altitude of 
50,OOO ft (it4 = 3). As would be expected, shapes with the 
least CLa/C,  require increasing amounts of stabilizing 
(negative) pitch damping to avoid a,,, divergence. This 
curve represents a divergence boundary in the sense 
that, within configuration constraints imposed, any shape 

must have an effective (Cmq + C,;), which, when 
plotted vs C,,/CD, falls on or below the curve if diver- 
gence is to be avoided prior to an altitude of 50,000 ft. 

As described in Sections I11 and V, a continuing ex- 
perimental program to determine actual pitch damping 
of these shapes is in progress. The actual (C,, + C,;) 
value may be found sufficient to forestall low speed aenv 
divergence. If not, the difference between a shape's in- 
trinsic (C,,  + C,;) and ( C,, + C,;) e r i  could be sup- 
plied by an active damping system, if that shape, for 
other reasons, were chosen for an entry vehicle. 

Figure 10 indicates the fractional aenv divergence from 
maximum deceleration to 50,OOO ft altitude, vs CL,/C. 
for each shape, assuming zero damping. Again those 
shapes with low plunge damping (CL, /CD 5 0) exhibit 
the most divergence. Figure 11 is a composite of the 
oscillatory envelopes of the vehicles in Fig. 2 to 6 for the 
assumed case of zero pitch damping showing differences 
in terminal divergence due mainly to the plunging stabil- 
ity term, CL,/Co,  for each shape. 

Fig. 10. Effect of the ratio on the envelope 
. .  

of oscillation between region of maximum 
deceleration and 50,000 ft altitude 
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ALTITUDE, f t  x 10-3 

Fig. 1 1. Effects of vehicle shape on the pitch oscillation envelope (zero pitch damping) 
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111. THE CAPTIVE-MODEL APPROACH 

ones used for gyroscope mounting. The cross-support 
configuration requires that the bearing housing rotates 
while the shaft remains fixed-the opposite to a normal 
gas bearing. But the sting-supported gas bearing is con- 
ventional in that the shaft rotates while the housing re- 
mains fixed. Reference 10 describes the gas bearing itself 
with details of the automatic angle-vs-time readout sys- 
tem which is mounted within the model. Experience has 
shown that it is unsatisfactory to have the bearing 
mounted laterally unsymmetrical with respect to the 
model because high model angular velocities put a twist- 
ing moment on the bearing which would prematurely 
ground out the bearing at the higher angles of oscillation 
(amax > 90 deg). 

3The reason for using a light-weight, low-moment-of-inertia cali- 
bration sphere was to take advantage of the tunnel air flow for 
putting loads on the gas bearing of the same magnitude that 
would occur with a model, at the same time maintaining a fre- 
quency of oscillation similar to that for a model. The use of the 
usual nonaerodynamic, dead-load means for loading the gas bear- 
ing to 50 Ib would result in a (comparatively) very low fre- 
quency of oscillation due to the very high moment of inertia of 
such a load. 

out was removed, making it necessary to rely on 16-mm 
motion pictures for recording the history of the oscilla- 
tory motion. Figure 15 is an example of the motion up 
to very high amplitudes for a model on the cross-supported 
gas bearing, as recorded by the internal angle-of-attack 
readout system. Figure 16 shows an example of one-half 
cycle of motion of a model on the sting-supported gas 
bearing, the data being recorded on 16-mm motion pic- 
ture film. These optical data were used to obtain the 
Aa/a,,, and frequency vs amax curves in this Figure. For 
both of these cases, the average effective pitch damping 
at each amax was derived from the smoothed graphical 
data by use of Eq. (15). 

6. Model Support 
As was previously mentioned, two types of supports 

for the gas bearings have been tried; the cross support 
and the sting support. Although the cross support does 
appear to have the possibility of large interference on 
the flow about the model, some wind-tunnel data (Ref. 11 
and 7) indicate negligible interference for Mach numbers 
in excess of M = 3. For the most part, the region of 
interference from the cross support is restricted to the 
sides of the aft portion of the model, where the aero- 
dynamic forces in the pitch plane are probably minor for 
the class of models in this Report. For obtaining damping 
data at high angles of oscillation, such a support is re- 
quired. However, the assumption of negligible effect of 
the cross support on the pitch damping must be investi- 
gated for each basic model shape tested. Work performed 
(Ref. 12) on the interference of a single wire support (up 
to 2%% of model diameter) for both spheres and cones 
clearly demonstrated large changes of the wake shape 
relative to a no-support condition (model in free flight). 
A sting support would be required for certain shapes 
of models where the cross support would interfere with 
%ow over the face of the model. Also, €or Mach numbers 
from M = 3 through the transonic region, a sting support 
would be preferable to a cross support. However, as the 
base shape of the model has an important effect upon 
the damping moment for M < 3, it is probable that the 
presence of the sting itself would affect the damping data. 
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c 

Fig. 12. A-2 model on cross-support gas bearing 
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12 

Fig. 13. A-5 model on sting-support gas bearing 

Fig. 14. Calibration sphere on sting-support gas bearing 
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Fig. 15. Typical cross-support gas-bearing model 
damping data as recorded by the internal 

angle-of-attack readout system 
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M = 6, SUPPLY PRESSURE = 530 cm Hg, Ro = 5.6 x IO5, 0.85 in. GRID SPACINGS, MODEL DIAMETER 3.6 in. 

Fig. 16a. 16-mm motion pictures showing one-half cycle of oscillatory motion of A-5 model on sting-support 
gas bearing in hypersonic wind tunnel 
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Fig. 16b. Typical sting-support gas-bearing model damping 
data as read from 16-mm motion picture film 
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IV. CAPTIVE-MODEL DATA REDUCTION 

A. Equation of Motion 

The decision to use the captive, high-amplitude, free- 
oscillation technique for determining pitch damping made 
it necessary to understand the data reduction and sub- 
sequent data application problems. The single-degree-of- 
freedom equation of motion for a body oscillating about 
a fixed axis, such as models supported in a wind tunnel 
on a gas bearing, is 

In the general case, Z is constant, but MD and M are func- 
tions of a. In the simple linear case, MD is constant, and 
M is linear with a; i.e., 

M = Mna (7) 

For the usual case of an aerodynamic shape, 

Therefore, the approximate solution to Eq. (6) is in the 
form: 

For the more general nonlinear case, in order to 
demonstrate the effects of pitching moment and pitch 
damping upon the motion of a model mounted on a gas 
bearing, Eq. (6) was solved numerically on an IBM 7090 
computer for several assumed-typical combination values 
of MD/Z and M/Z expected for very short, high-drag 
bodies of revolution. For the purposes of this Report, 
discussion will be limited to the case shown in Fig. 17 
since its results are typical. 

C,= -0.2 sin a (11) 

(C,. + C m a )  = -0.05( 1 + &ladeg[) (12) 

0 30 60 90 

a ,  deg 

-0 .15  

3 -0.10 + 

0 30 60 90 

a ,  deg 

Fig. 17. Analytical example of local pitching moment 
and pitch damping 

where 

Machnumber = 2 

free-stream dynamic pressure, q = 5 lb/in.z 

free-stream velocity, V = 1750 ft/sec = 21,000 in./sec 

model moment of inertia, Z = 0.01 in. lb sec2; (equiva- 
lent to a 4-in. D sphere with a 0.1-in.-thick steel shell) 

A = model reference area (*d2/4) = 12.56 in.2 

d = model reference length (D) = 4 in. 

2 -- M D  - %( C,, + C,;) = 0.24 (1 + 90 
Z 

The solution of Eq. (6) for the equations 
gives an oscillation frequency and a rate 

(14) 

;tated above 
of angle-of- 

attack decay as a function of the amplitude of the angle- 
of-attack oscillation as shown in Fig. 18. The term 
Aa/a,,, is defined in Fig. 19. If the pitching-moment 
slope and pitch-damping values of the sample case did 
not vary with a, the solution of Eq. (6),  indicated in Fig. 
18, would have constant values of frequency and Aa/a,,, 
equal to the values at a,,, = 0. The divergence from 
constant values of frequency and Aa/amsx in Fig. 18 in- 
dicates the effect of realistic aerodynamic coefficients 
upon the solution of the equation of motion [Eq. (e)] 
relative to the linear solution. 

16 
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Fig. 18. Analytical study of aerodynamic pitch damping 
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A a  

a moa Q moaI 

Fig. 19. Definition of the amplitude rate of decay 

B. Data Reduction 

Several approaches can be used to determine the pitch 
damping from the oscillatory history of a model oscil- 
lating freely on a gas bearing. The suggested basis for 
these approaches is the use of the amplitude-decay-rate 
per cycle and the frequency as functions of the oscillation 
envelope. The most elegant procedure would yield the 
exact pitch-damping values as a function of the local 
angle of attack. The simplest approach would be to take 
the values of the amplitude-decay-rate per cycle and the 

frequency at each particular amplitude of oscillation and 
solve for the pitch damping (as a function of the am.- 
plitude of oscillation) using the simplified linear solution 
to Eq. (6): 

M D  = -2Zf In (1 -Aa/ama,) (15) 

A compromise approach would be to solve Eq. (6) for 
the motion of the model using the actual pitching- 
moment curve as a function of the local angle of attack, 
and to determine the proper value of pitch damping 
which would remain constant during an entire cycle ad 
oscillation and would be a function of that particular 
oscillation amplitude. A brief discussion of each of these 
techniques would serve to acquaint the reader with the 
problems, and the advantages and disadvantages of each 
approach. Analysis on the reduction of actual flight 
vehicle-entry data is reported in Ref. 13. 

1. Complete, Exact Solution 

Given the frequency and amplitude decay rate for the 
oscillation envelope from 0 to 90 deg of Fig. 18, in prin- 
ciple it is possible to determine M and M D  as local func- 
tions of a for 0 deg < a < 90 deg. In practice, although 
M is easily determined to a high degree of accuracy, 
the accuracy of M D  falls off rapidly at a > 40 deg, even 
by the use of a complex program on a large high-speed 
digital computer. This is to be expected as M >> Mob 
for a near amax since tz approaches zero. Therefore, in 
order to obtain local values of M D  up to some desired (I, 

it is necessary to have the data (frequency and decay rate) 
from amax = 0 to an amax considerably greater (say a 
factor of 2) than the a to which the local damping data 
are desired. 

The exact solution for M D  from Eq. (6),  using the 
frequency and decay curves of Fig. 18, is quite good for 
local angles of attack up to about 40 deg. However, the 
solution for M, begins to fall off rapidly for larger a, and 
by a = 90 deg, no meaningful solution for M D  exist,s. 
On the other hand, as the values of M D  at a’s approaching 
amax have small effect on the decay in that alnax oscillatory 
amplitude, there may be no real need to determine M D  

to a high degree of accuracy at local angles of attack 
near the expected maximum angle of oscillation. 

2. Simplest Solution 

For the reduction of the single-degree-of-freedom mo- 
tion data taken with the gas bearing, the values of Aa/ama, 
and the frequency at each particular anlax were used to 
determine an effective average value of M D ,  which can be 

1 7  
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Exact 
local 
value 

0.24 
(1  +2/90 

la degl) 

nondimensionalized to ( Cmq + C m a )  by using the simpli- 
fied linear solution to Eq. (6) which results in Eq. (15). 
For the example in Section IV A, the validity of using 
the average effective pitch damping was investigated 
analytically. Equation (15) was used to obtain average 
effective pitch damping at amax near 0 deg, and at 10, 60, 
and 90 deg from the oscillation frequency and decay 
curves in Fig. 18. That is, the value of f and Aa/ama. 
at a particular a,,,,, substituted into Eq. (15) yielded an 
average effective pitch damping for that amax. In turn, 
at each particular amax, the corresponding value of aver- 
age effective damping (assumed to be constant through- 
out an entire cycle of oscillation) was put back into 
Eq. (6) along with the exact local angle-of-attack pitching 
moment ( C ,  = -0.2 sin a )  in order to obtain the amount 
of amplitude decay over one cycle of oscillation. The 
resulting Aa/a,,, vs amax values for this average effective 
pitch-damping approach compare quite favorably with 
the exact nonlinear solution. The comparisons are indi- 
cated in Table 2, as well as shown in Fig. 18. The maxi- 
mum discrepancy occurs at amax = 90 deg, is only 15% 
in Aa/amaX, and decreases to a negligible 2% by 
a,,, = 60 deg. This same procedure was applied to a 
number of typical values of M,/Z and M / I  vs a, resulting 
in similar good comparisons with the exact case; i.e., well 
within 10% for amax 2 60 deg. 

Average 
effective 

value, 
constant 
over 1 
cycle 

0.2400 

0.2622 
0.3934 
0.5071 

3. Compromise Solution 

The error in the determination of an average effective 
pitch-damping value incurred by use of the simplest solu- 
tion is the result of using an effective constant pitching- 
moment slope. In order to eliminate the slight detrimental 
effect of this effective constant-pitching-moment slope 
assumption and still avoid the difficult procedure for 
determining local angle-of-attack values of the pitch 
damping, a compromise approach is suggested. Equa- 
tion ( 6 )  can be solved at specific amplitudes of oscilla- 
tion for an average effective value of pitch damping at 
each amax with the use of an exact pitching moment curve. 

Table 2. Comparison of effective average solution of 
oscillation amplitude decay with the exact solution 

MDII  Aalamax 
per cycle 

Exact 
solution 

0.0105 

0.01 16 
0.01 a6 
0.0261 

Effective 
average 
solution 

0.01 05 

0.01 17 
0.0190 
0.0300 

krepancy 
in 

Aala,,,,,, 
96 

0 

1 
2 

15 

The pitching-moment curve can be experimentally deter- 
mined from a static stability test, or an approximate 
calculation using, for example, the Newtonian flow as- 
sumption, or calculated from an experimentally deter- 
mined spectrum of frequency vs amplitude of oscillation. 

This procedure is the most realistic approach, as it 
parallels a practical procedure for determining the 
trajectory motion of an entry vehicle by using the six- 
degree-of-freedom equations. However, the added com- 
plication of this method over the simplest approach 
(Section IV. B. 2.) does not appear justified for the general 
case of determining average effective pitch damping. 
Because of the simplicity of using Eq. (15) and the result- 
ing insignificant error in the determination of the pitch 
damping in the range of amplitudes (amax < 60 deg) 
required for the six-degree-of-freedom equations-of- 
motion entry studies, the simplest approach (Section 
IV. B. 2.) was the method used to reduce the data in 
this Report. 
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Simplified free-flight testing in a conventional wind 
tunnel (Ref. 14) can be useful for obtaining pitch damp- 
ing of models at large angles of oscillation. Preliminary 
work has been done with a model of shape A-1. The 
testing technique consists of taking high speed motion 
pictures (35-mm film, 4500 framedsec) of models in flight 
across the wind-tunnel viewing windows. These models4 
are suspended at the desired maximum oscillation angle 
on a 0.020-in.-D vertical wire located at the leading edge 
of the windows, and are released by breaking the wire 
at a notch within the model when an impulse load is 
added to the wire's tension load. The oscillatory motion 
is generally confined to the vertical plane, thus giving 
three-degree-of-freedom motion. 

Preliminary data taken of the aforementioned model 
shape in both the JPL 20-in. supersonic and 21-in. hyper- 
sonic wind tunnels (Ref. 15) are shown in Figs. 20 and 21. 
Although the data from each frame are plotted, for 
brevity, only pictures from every other frame are shown. 
The motion is documented throughout the flight by 
closely spaced (both in time and angle of attack) pictures. 
The relative flatness of the base of these models in flight 
indicates that the oscillatory motion was virtually con- 
fined to the vertical plane. The base bulge can be meas- 
ured in order to estimate any angle of yaw. Otherwise, 
mirrors could be placed inside the test section at 45-deg 
angles to the test section floor and ceiling, and parallel to 
the airflow. In this manner, each frame of the single roll 
of motion picture film will record the model-motion data 
in the two streamwise orthogonal planes. The accuracy 
to which the model angles of attack can be read is 
demonstrated in the graphs of Figs. 20 and 21. Figure 22 
contains enlargements of the models in flight, and in 
spite of the film grain and light diffraction problems, the 
reading repeatability is to the nearest M deg. However, 
until a substantial variety of models have been tested 
on the gas bearing and in free-flight through a large 
range of conditions, no definite conclusions can be made 
about the accuracy and repeatability to which pitch- 
damping data can be measured. 

Additional consideration should be given to the wide 
ranges of variables possible with the free-flight tech- 
nique in studying model oscillatory motion. The tunnel 
operating range at any Mach number can be varied by 

4 The 1-in.-D models were cast from light-weight polyurethane 
foam (averaging about ti Ib/fts), and each was ballasted with a 
0.45-in.-D lead sphere. 

FLIGHT 

one order of magnitude and, for a given model size and 
weight, the moment of inertia can also be varied by one 
order of magnitude. The ballistic coefficient rn/CDA can 
be varied through two orders of magnitude. These vari- 
ations make it practical to duplicate or simulate certain 
characteristics of the flight vehicle's expected motion 
during an atmosphere entry trajectory. Not all the im- 
portant characteristics can be simulated, and, of those 
that can be, it may be necessary to do one at a time. In 
any case, sufficient variation of the testing parameters 
can be made in order to verify the experimentally deter- 
mined aerodynamic parameters and obtain a better in- 
sight into the vehicle motion as determined by the use 
of the six-degree-of-freedom equations of motion. 

For example, it is possible to design a model and pick 
a wind-tunnel operating condition in order to duplicate 
the degradation of the dynamic pressure per cycle of 
oscillation expected for the flight vehicle during an 
atmosphere entry trajectory after the region of maximum 
de~eleration.~ Also, in many cases it is possible to match 
the dimensionless oscillatory frequency (Strouhal num- 
ber) during a trajectory by choosing the proper model 
moment of inertia and/or wind-tunnel operating condi- 
tion. In certain instances, the expected Reynolds number 
of an actual entry vehicle can be matched. For the 
full-scale characteristics which cannot be duplicated or 
simulated, it is practical to vary the mismatch in the 
scaling of the model test conditions through a very large 
range, and consequently make it possible to better evalu- 
ate the validity of applying the model data to the expected 
flight condition. 

There is no need or justification to rely solely upon 
the use of limited experimental data (which at times may 
be questionable) in six-degree-of-freedom equation-of- 
motion studies in order to estimate the expected motion 
of a vehicle during entry into an atmosphere. The data 
obtained from one set of model test conditions can 
be used to compare with the motion of other widely 
different model test conditions as predicted by the six- 
degree-of-freedom program. In this way, confidence in 
(or limitations of) the use of the six-degree-of-freedom 
motion studies can be established. 

5The per-cycle dynamic pressure degradation for the free-flight cases 
shown in Figs. 20 and 21, are about the same as was estimated 
for the atmosphere entry case in Fig. 2 at the corresponding Mach 
numbers, but for an initial entry angle of 40" rather than the 90" 
case shown. 
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Fig. 20a. High speed motion pictures showing A-1 model during one-half cycle of flight 
in supersonic wind tunnel 
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Fig. 20b. Angle of attack vs time, A-1 free-flight model (supersonic wind tunnel) 
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Fig. 21a. High speed motion pictures showing A-1 model during one-half cycle of flight in 
hypersonic wind tunnel 
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Fig. 211 b. Angle of attack vs time, A-1 free-flight model (hypersonic wind tunnel) 
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SUPERSONIC WIND TUNNEL 
SUPER HYPAN ASA 500 
f5.6 4000 f r a m e s / s e c  

IMAGE SIZE ON F ILM:  0 . 0 3 2 - i n .  BASE DIAMETER 
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f 5 . 6  4500 frames /sec 

IMAGE SIZE ON F ILM:  0.096- in. BASE DIAMETER 

Fig. 22. Enlargement of sample 35-mm half-frame pictures of A-1 model in flight 
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/ 

VI. TYPICAL EXPERIMENTAL RESULTS6 

4 

^ ^ ^  I 

Shape 

A- 1 

A-2 

A-5 

8-2 

For purposes of illustration, results typical of the data 
(Ref. 16) obtained are included.’ The model center-of- 
gravity location for these captive tests, as well as for the 
free-flight examples, appears in Table 3. Figure 23 is a 
composite of model pitch-damping data obtained on the 
gas bearing through the Mach number range. As all of 
the data obtained with the sting-supported gas bearing 
(shape A-5), for the testing conditions covered (2  < M < 6 
and 0.4 < q < 3 lb/in.2), fall within the shaded region, 
there did not seem to be any need for further defining 
the data for this Report. The average effective pitch 
damping increases with increasing angle of oscillation 
and decreases with increasing Mach number. The 
M = 4% curve is at a substantially different level than 
the M = 3 curve, but it does compare quite favorably 
with the M = 6 curve. The repeatability of the 
(Cm, + Cm;)avg data obtained is generally within +0.01. 

cg location 
(d from nose) 

0.449 

0.482 

0.528 

0.414 

Included in Fig. 23 is the pitch-damping coefficient 
from the free-flight case of Fig. 20. As the model base 
configurations are considerably different, additional data 
are necessary before any definite conclusions can be 
reached. Direct comparison of Fig. 20 with Fig. 24 will 
not yield the (Cm, + Cmi)avg value of the free-flight data 
point appearing in Fig. 23, for two reasons. The actual 
free-flight model did have some yawing motion (Table 4), 
which was used to correct the vertical plane angle 
angle-of-attack data shown in Fig. 20. Also, “subjective” 

(;See Table 3 for center-of-gravity locations. 
7Reference 17 contains a great deal of pitch damping data (2  < 
M < 9 ,  for models similar to shape P, obtained by use of the 
sting-supported gas bearing. The reader may consult this refer- 
ence for an additional example of an extensive program of blunt- 
body pitch damping testing with a gas bearing. Pitch damping 
data were obtained for the model rotation axis off as well as on 
the plane of symmetry. 

Table 3. Location of center of gravity (experimental) for 
pi tc h-dam ping mea sure men ts 

CURVES 
A-2  SHAPE 
q a 0.4 Ib/inz 

SHADED REGION 
A-5  SHAPE 
0.4<q<3 Ib/inz 

-u.cu 

-0.24 

-0.20 I 

A-I SHAPE 
(FREE-FLIGHT, FIG. 20)  

-0.16 
0 

Q 

+ d 
c & -0J2 

-008 

-0.04 

1 I I I 
0 20 40 60 80 10 

a m a x ,  % 

Fig. 23. Average effective pitch damping vs 
oscillation amplitude 

(cm,+ cm,> 

Fig. 24. Six-degree-of-freedom data reduction for 
free flight trajectory of Fig. 20 

judgment was used in interpreting the decay rates (Table 
5)  of the unsymmetrical oscillatory motion shown in 
Fig. 20. 

25 



JPL TECHNICAL REPORT NO. 32-380 

lime, a'. $, 'B 
sec deg deg 

1 0.00695 79.5 0 
2 0.01420 74.3 0 
3 0.02150 76.0 0 
4 0.02885 68.0 9 
5 0.03610 72.0 17 

Peak 
a. 

deg 

79.5 
74.3 
76.0 
68.3 
72.8 

Table 5. Amplitude decay rates 
(Fig. 201 

1-3 
3-5 
2-4 

79.5 3.5 .0440 
76.0 3.2 ,042 1 
74.3 6.0 .0808 

This free-flight point was computed by use of the same 
six-degree-of-freedom equations of motion used to calcu- 
late the entry trajectories discussed in Section 11. Certain 
alterations were required in order to adapt this general 
program to the specific case of a wind tunnel free-flight 
trajectory. The calculation procedure followed was to 
use known static values for the aerodynamic parameters 
of lift, drag, and pitching moment along with the proper 
model mass characteristics and model attitude and ve- 
locity. Then, by interpolation from several calculations 
using various values of (C,, + C,,), a value of (C,, + C,,,,) 
was determined that would give a calculated amplitude 
decay equal to that experimentally observed. The results 
of such six-degree-of-freedom calculations appear in 
Fig. 24. In order to show the over-all sensitivity for 
determining (C,, + C,,) from the amplitude decay, the 
amplitude decay is given in degrees per two cycles of 
motion as a function of (Cm, + Cme). One degree ampli- 
tude variation is equivalent to about 0.014 in (C,, + C,;). 
This sensitivity is adequate for the accuracy required in 
(C,, + Cme) as shown by the effect of (Cmq + Cm,) in 
Fig. 8, and is compatible to the accuracy with which the 
oscillation amplitudes of the free-flight model can be 
read from the high-speed motion-picture film. 

Also shown in Fig. 23 is a theoretical average effective 
damping as a function of the amplitude of oscillation for 
the A-2 shape. Simple, unmodified, Newtonian theory 
was used to obtain this damping as a function of the 

-0.16 

-0. I 2  

0 

0 - 3 -0.08 + 
$ 
.L 

-OD4 

0 
0 20 40 60 80 100 

amaxr d.a 
Fig. 25. Average effective pitch damping vs oscillation 

amplitude, cross-support gas bearing 

local angle of attack and these results in turn were inte- 
grated to yield the average effective damping as a func- 
tion of amax. This analytical approach is applicable only 
for M > 4. The comparison of this analytical damping 
with the experimental damping at the higher angles of 
oscillation is quite good. 

In Fig. 25, the cross-support gas-bearing pitch damping 
at M = 6 for the A-2 shape is compared with that of a 
somewhat blunter shape, the B-2. These preliminary data 
indicate a somewhat greater pitch damping for the more 
blunt shape. It will be very fortuitous if this result is 
confirmed in tests already being readied, as the more 
blunt B-2 shape would require the existence of more 
pitch damping to prevent divergence in oscillatory mo- 
tion at the M = 3 region than the A-2 shape (see Fig. 9 ) .  

Mach = 3 data were recorded for both a cross-support 
ball-bearing and a gas-bearing mount for the A-2 model. 
The reduced data (which have been corrected for the 
bearing friction) from these two approaches actually 
compare quite favorably, In Fig. 26, the relative bearing 
damping is shown in order to demonstrate the need for 
a low-friction bearing. The ball-bearing-mount curve 
was terminated when the magnitudes of the aerodynamic 
and bearing friction damping were the same, because the 
accuracy of the ball-bearing damping is uncertain to 
within a factor of two. However, the accuracy of the 
gas-bearing damping appears to be well within a factor 
of two, and this friction damping is generally small rela- 
tive to the small aerodynamic damping measured. 

The range of gas-bearing damping (as measured with 
a sphere mounted on an axis through its center) for the 
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Fig. 27. Sting-support gas-bearing damping as 
measured with a calibration sphere, 

at various Mach numbers 

sting-supported model (Fig. 14) is shown in Fig. 27 for 
2 < M < 6 at a tunnel dynamic pressure of 1.6 1 b h 2 .  
The level of the tare damping is small in comparison with 
the aerodynamic damping and is essentially independent 
of Mach number. The tare damping measured with a 
“calibration” sphere is caused by the sphere-surface skin 

friction, the gas-bearing friction, and the aerodynamic 
damping of the slot in the base of a sting-mounted sphere. 
Although the surface skin friction is small relative to 
the bearing friction, it is suspected that the aerodynamic 
damping of the slot may be substantial. This is demon- 
strated by the damping curves in Fig. 28 for both the 
sting-supported and cross-supported gas bearings. Al- 
though the two systems appear to have about the same 
damping near zero amplitude of oscillation, the sting- 
mounted-system damping increases with amplitude of 
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Fig. 28. Comparison of gas-bearing damping (sting vs 
cross support) as measured with a calibration sphere 
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Fig. 29. Sting-support gas bearing as measured with a 
calibration sphere, at various dynamic pressures 
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oscillation, while the cross-supported system exhibits a 
fairly constant level of damping with angle of oscillation. 
Before this difference in damping of the sphere can be 
attributed to the presence of the base slot, additional 
investigation should be carried out. However, in terms 
of the model aerodynamic-pitch-damping coefficient, this 
difference is small and repeatable, so there should be no 
problem in correcting the damping data for the bearing 
damping. 

For a first approximation, the magnitude (not the di- 
mensionless coefficient) of the gas-bearing damping is 
independent of the load applied-until the bearing is 
grounded out. As a consequence, using the nondimen- 
sionalizing procedure, the values of bearing damping 
(Cm,, + C,,),,, are inversely proportional to the tunnel 
dynamic pressure. An example of the sting-supported 
air-bearing damping coefficient as a function of tunnel 
dynamic pressure is shown in Fig. 29. 
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VII. CONCLUSIONS 

If the aerodynamic pitch damping of certain short, 
blunt vehicles entering the Mars atmosphere is unfavor- 
able, even if very small, the oscillatory motion will 
become divergent after the region of maximum decelera- 
tion. Prior to this region the effects of pitch damping 
are negligible. The effect of vehicle shape upon the 
oscillatory motion is very strong, and is directly related 
to the ratio CL, /CD when constraints are imposed to 
make the vehicle diameter, ballistic coefficient, moment 
of inertia, and pitching-moment slope at zero angle of 
attack independent of shape. 

It is shown that there is a considerable spread in the 
pitch-damping coefficient (C,,Lq + Cm;) effect on the 
angle-of-attack envelopes for the shapes considered; 
the higher the ratio CI,,/CD, the less the effect of pitch 
damping. Also, the shapes with the higher CL,/CD ratio 
are less dependent upon pitch damping in order to main- 
tain angle-of-attack stability. The minimum point on the 
oscillatory envelope for critically damped motion appears 
to be the same for all shapes-about 20 to 25 deg. 

By the time the vehicle’s velocity is low enough to 
permit parachute deployment, the amplitude of the oscil- 
lation could be large enough to prevent reliable deploy- 
ment. Therefore it becomes necessary to accurately 
measure the magnitude and sign of the aerodynamic 
pitch damping of each likely entry-vehicle shape at large 
amplitudes of oscillation. These entry trajectory studies 
give an insight as to the pitch-damping accuracies and 
angle-of-attack amplitudes required for the experimental 
measurements. The usual means (such as ballistic range 
firing, sting-flexure models, sting- and cross-support ball- 
bearing suspended models) are not adequate for the 
measurement of the expected low pitch damping at high 

angles of oscillation for the short, blunt vehicle shapes 
being considered for entry into the atmosphere of Mars. 

Both sting-support and cross-support gas-bearing 
mounted models can adequately measure the small pitch 
damping because of their relatively low friction and the 
inherent repeatability of the data. The use of free-flight 
testing in a wind tunnel has been proposed as a com- 
panion method to the gas-bearing approach in order to 
assess sting- and cross-support interference on the model 
pitch damping. Not only is it practical to calculate aver- 
age effective pitch damping (which remains constant for 
all angles during each half cycle of oscillation and is only 
a function of the amplitude of oscillation of that particu- 
lar half cycle of motion), but the use of this average value 
yields adequate oscillation amplitude-decay rates for 
the single-degree-of-freedom equation-of-motion studies. 
There does not appear to be any reason why this same 
conclusion should not be the case for both single-plane 
and six-degree-of-freedom rigid-body motions. 

Finally, in addition to the possibility of being able to 
obtain support-interference-free pitch-damping data, the 
wind-tunnel free-flight technique can be used to study, 
in detail, model oscillatory motion through a very large 
range of model mass characteristics and tunnel operating 
conditions. This should serve to validate or indicate the 
limitations in the application of experimental data and 
the consequent use of these data in the six-degree-of- 
freedom equations-of-motion studies. The ability to 
design a model and pick the proper tunnel operating 
conditions makes it practical to experimentally duplicate 
or simulate several important characteristics of the mo- 
tion expected during the latter portion of an atmosphere- 
entry trajectory. 
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(Cmq + C m i )  

D 
f 
Z 

L 
m 

M 
M 

M D  

*a 

4 

NOMENCLATURE 

model reference area = i7dZ/4 
drag coefficient = D / q A  
lift coefficient = L/qA 
lift coefficient slope per rad 
pitching-moment coefficient = M/qAd 
pitching-moment coefficient slope per 
rad 
pitch-damping coefficient = 

average effective pitch-damping CO- 

efficient as determined from f and 
Aa/amax by use of Eq. (15) 
critical pitch-damping coefficient 
(see text) 
model reference diam (maximum 
cross-section diam ) 

drag 
oscillation frequency in cps 

moment of inertia of body about axis 
of oscillation (center of gravity) 

lift 

mass of model 

Mach number 

static-pitching moment 
pitch-damping moment per rad/sec 

slope of the pitching moment per rad 

freestream dynamic pressure 

M d (  qAd2/V)  

RD 

t 
V 

VE 

Y 
a 

a. 

a’ 

Aa 

P 

P O  

6E 

freestream Reynolds number based on 
model reference diam 
time 
freestream velocity for model test or 
vehicle flight velocity 
vehicle velocity with respect to atmos- 
phere at 800,000 ft altitude 
altitude 
angle of attack of model axis of sym- 
mentry relative to tunnel freestream 
velocity or flight vehicle axis of sym- 
metry relative to nominal trajectory 
envelope of oscillatory motion 
any a where h = 0 (see Section IV. A. 
for schematic) 
the amax where t = 0 

angle of attack as measured from pic- 
tures such as in Fig. 20 
the decay in amax during one cycle 
of oscillation 
reciprocal of the atmosphere 
scale height 
reference atmospheric density 
vehicle path angle at 800,000 ft alti- 
tude with respect to the local horizon 
angular velocity in rad/sec 
angle of yaw inferred from model 
“base bulge” measurement from pic- 
tures such as in Fig. 20 
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